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Inhibitory Effects of D-Glucosamine

Table 1
Effects of D-glucosamine on the growth of Walker 256 carcinosarcoma and on the survival of tumor-bearing adult Charles River CD rats
Treatment of experimental animals was begun 4 to 6 days after implantation of Walker 256 carcinosarcoma (sublines 10 and 13). Each
compound was infused into the tail vein or through a cannula placed subdermally in the dorsal pelvic region. The rate of infusion of fluid was 0.8
to 1.1 ml/hr. At the end of the infusion, the cannula was removed, and the incision was closed. The animals were kept under observation for 8 to

10 weeks.
No. of rats Mean survival
Infusion surviving time of
tumor-free for rats dying
No. of Rate Duration Total dose at least with tumors
Compound rats Route (g/kg/hr) (hr) (g/kg) 8 weeks (days ¢ S.D.)
Control (untreated) 62 5 295+ 5.8
Distilled water, pH 4 to 4.5 5 Tail vein 0.9¢ 32 28.8b 0 254+ 18
D-Glucosamine dissolved in
distilled water, pH 4 to 4.5 6 Tail vein 0.278 32 9.2 0 36.8+ 7.0
7 Tail vein 0.362 32 11.6 2 389+ 6.2
S Tail vein 0416 18 7.5 0 31.2+ 26
81 Tail vein 0416 32-36 13.3-15.6 73 645+ 82
21 Subdermal 0416 32-36 13.3-15.6 3 61.5+11.9
D-Glucose 6 Tail vein 0416 32 13.3 0 27.1+ 1.8
N-Acetylglucosamine 6 Tail vein 0416 32 133 0 308+ 6.2
@ Rate in ml/hr.
Dose in ml.
containing ice-cold 10% TCA. After homogenization, centri- 200
fugation, and neutralization, the acid-soluble fraction was TERMINATION OF '"‘"“""1
directly applied to a Dowex 1-formate (200 to 400 mesh) resin BLOOD GLUCOSE
column. The column was washed with distilled water, and then Q
a 4-step gradient elution was performed with 4.0 N formic g
acid, 0.2 M ammonium formate in 4.0 N formic acid (Tube -
110 on), 0.4 M ammonium formate in 4.0 Nformic acid (Tube §
210 on), and 1.0 M ammonium formate in 4.0 N formic acid =
(Tube 285 on). Purification, identification, and quantitative g
measurement of acid-soluble nucleotides were performed as 2
described previously (5). The control animals were infused
with 0.9% NaCl solution for 32 hr, but everything else in-
volving them was the same as for the experimental animals.

Other Analysis. Glucose was determined by the glucose
oxidase method of Saifer and Gerstenfeld (27), and clinical
chemistry was performed according to standard methods as
reported previously by Mihich et al. (22-24).

RESULTS

Table 1 shows the effects of infusing glucosamine into
Charles River CD rats bearing 4- to 6-day-old Walker 256 car-
cinosarcoma. Two groups of controls were used; they were
untreated tumor-bearing rats and tumor-bearing rats infused
with distilled water. Infusion of tumor-bearing rats with 0.278
to 0.362 g of glucosamine/kg/hr for 32 hr brought about a
consistent reduction in tumor size for the first 4 to 7 days
after glucosamine treatment. After this, however, there fol-
lowed a rapid growth of the tumor, with only a moderate
increase in survival time. When the tumor-bearing Charles
River rats were subjected to tail-vein infusion with 0.416 g of
glucosamine/kg/hr for 32 to 36 hr, a large proportion of the
tumors regressed, and a pronounced increase in survival time
of the animals that developed tumors was observed. Infusion
s.c. of glucosamine at the same concentration in a marked
inhibition of tumor growth, but complete regression occurred
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INFUSION TIME IN HOURS

Chart 1. Blood glucose and glucosamine levels of 5 rats bearing

6-day-old Walker 256 carcinosarcoma and infused with D-glucosamine
(0.42 g/kg/hr for 36 hr). Bars, + S. D.

in few animals. N-Acetylglucosamine or D-glucose admin-
istered by tail-vein infusion had no effect on the growth of
Walker 256 carcinosarcoma in Charles River rats.

Since glucosamine may provoke hyperglycemia (6, 20, 21),
the levels of blood glucose and free glucosamine in the blood
of rats during treatment were measured. Chart 1 shows that
infusion of glucosamine at a rate of 0.41 g/kg/hr induced a
significant increase in blood glucose levels during the infusion
period. Blood glucose levels returned to normal, however, by
24 hr after cessation of treatment. Free glucosamine could not
be detected in the circulating blood in animals before treat-
ment, but showed a continuous increase during infusion (Chart
1). No free glucosamine could be detected in the circulating
blood 24 hr after termination of treatment. Chart 2 shows the
cumulative urinary excretion of glucosamine in a typical
infusion experiment and indicates that 70% of the admin-
istered glucosamine is excreted in the urine within 3 days after
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the end of the infusion period. Chart 2 also indicates that
there was no upset in acid-base balance as reflected by the pH
of urine during or after the infusion. The infusion of glucosa-
mine caused a transient decrease in serum bicarbonate, but no
change in blood pH and no significant change in plasma
electrolytes; there were transient increases in blood urea
nitrogen and serum glutamic oxalacetate transaminase. It
would thus appear that the effects of glucosamine on tumors
were not the result of damage to the host as measured by these
parameters.

A group of 22 rats successfully treated with glucosamine
and a control group of rats of the same age were implanted
with Walker 256 carcinosarcoma (subline M-10). In this experi-
ment all of the control rats died with tumor. Although the
presence of the tumor was initially apparent in each reim-
planted animal, only 4 of the reimplanted rats died of tumors,
and then only after a prolonged time. The other reimplanted
rats rejected the tumor within 6 to 14 days after implantation.

00— 9
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Startof HOURS
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Chart 2. Cumulative excretion of hexosamine in urine (®) and pH of
urine (&) of 6 rats bearing 4-day-old Walker 256 carcinosarcoma and
infused with D-glucosamine (0.42 g/kg/hr for 32 hr). During and after
infusion, the rats were housed in separate metabolic cages. Bars, + S. D.

Data presented in Table 2 demonstrate that the strain of
rats has a significant influence on the response of Walker 256
tumors to D-glucosamine. The highest rate of tumor regression
and the greatest increase in survival time following treatment
was noted in Charles River CD and Schmidt rats after glucosa-
mine treatment.

Effects of D-Glucosamine on the Survival of Swiss-Webster
Mice Bearing s.c. Sarcoma 180. The effects of D-glucosamine
on tumor growth and host survival were also studied in mice
bearing Sarcoma 180. Administration of the compound by
tail-vein infusion was not feasible in mice because of the dif-
ficulty of cannulating the tail vein. Accordingly, continuous
s.c. infusion was done. The effects of s.c. infused D-glucosa-
mine in mice bearing Sarcoma 180, as measured by tumor
regression and survival time, are presented in Table 3. Infusion
of the tumor-bearing mice with glucosamine at a rate of 0.64
g/kg/hr for 12 hr on Days 4 to 7 and 10 to 14 following tumor
implantation resulted in tumor regression in 56% of the mice,
with a significant increase in survival time. Single infusion at a
rate of 0.64 or 0.83 g/kg/hr for 12 hr on any one of Days 4 to
7 was ineffective.

A group of mice successfully treated with glucosamine was
rechallenged with new Sarcoma 180 implants. Of the 24 mice
given reimplantations, 15 rejected the tumor. The remaining 8
died with tumor without significant increase in survival time,
while all of the control group of mice given transplantations of
Sarcoma 180 died with tumor.

Cytological Changes Caused by D-Glucosamine in Normal
and Neoplastic Tissues in Vivo. The effects of glucosamine on
the morphology of normal and neoplastic tissues were studied
in both mice and rats bearing tumors. For cytological examina-
tion, rats bearing Walker 256 carcinosarcoma were treated
with 0.42 g of glucosamine/kg/hr for 18 to 32 hr. Mice bear-
ing solid Sarcoma 180 were treated with 0.64 g/kg/hr for 12
hr. At the end of treatment, a number of animals were
anesthetized, and various organs were subjected to gross ex-
amination. In every case, extensive hemorrhagic areas were
observed in the encapsulated Walker 256 tumor, along with
softening at the periphery of the tumor. Hemorrhage was less

Table 2
Effects of D-glucosamine on the growth of i.m. Walker 256 carcinosarcoma in various strains of adult rats
‘Treatment of experimental animals was begun 4 to 6 days after tumor implantation. Glucosamine was infused through the tail vein at a rate of
0.8 to 1.1 ml/hr. After 32 to 36 hr, the cannula was removed, the incision was closed, and the animals were kept under observation for at least 8

weeks.
No. of rats Mean survival
Infusion surviving time of
tumor-free for rats dying
No. of Rate Duration Total dose at least with tumors
Rats Treatment rats (g/kg/hr) (hr) (g/kg) 8 weeks (days + S.D.)
Charles River CD Control 62 S 295+58
D-Glucosamine 81 0416 32-36 13.3-15.6 73 64.5+8.2
Sprague-Dawley Control 14 0 322+59
D-Glucosamine 26 0.394 36 142 4 529+176
Wistar Control 14 0 273+ 7.0
D-Glucosamine 17 0.391 36 14.1 3 59.6+8.6
Schmidt Sprague-Dawley Control 16 1 293+79
D-Glucosamine 18 0402 36 14.5 10 63.7+173
Holtzman Sprague-Dawley Control 15 0 319+6.2
D-Glucosamine 16 0.394 37 14.6 0 454+ 8.1
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Table 3
Effects of s.c. glucosamine infusion of the growth of s.c. implanted Sarcoma 180 in adult Swiss Webster mice

Treatment of experimental animals was begun 4 or 5 days after tumor implantation. Each compound was infused through a cannula placed s.c.
in the left dorsal region. The rate of infusion of fluid was 0.124 ml/hr, and infusion was continued for 12 hr on each day of treatment. At the end
of the infusion, the cannula was removed. The animals were kept under observation for 8 to 10 weeks.

No. of mice Mean survival
Infusion surviving time of
tumor-free for mice dying
Day of No. of Rate Total dose at least with tumors
Compound treatment?® mice (g/kg/hr) (g/kg) 8 weeks (Days ¢ S.D.)
Control 48 4 319:438
0.9% NaCl solution 4—-7and 10-13 25 0.124% 0 23.1+2.7
Glucosamine, 4-7and 10-14 12 041 492 2 409+39
dissolved in 041 492
distilled water 5 12 0.64 7.78 1 370+ 3.2
and adjusted to 4-7and 10-14 87 0.64 7.78 49 493:45
pH4to4.5 0.64 7.78
5 12 0.83 9.96 2 16.1+9.2
% The tumor was implanted on Day 0.
b Rate in ml/hr.
Table 4

Incorporation of lysine-' * C, uridine-' * C, and thymidine-'* C into the acid-insoluble fraction of liver,
kidney, and tumor tissues in rats bearing Walker 256 carcinosarcoma, before and after
treatment with glucosamine

Of 15 Charles River rats bearing 6-day-old Walker 256 carcinosarcoma perfused through the tail vein with
0.42 g of glucosamine/kg/hr for 32 hr, 5 were killed on Day 0 (immediately after the end of perfusion), 5
were killed on Day 1 (24 hr later), and 5 were killed on Day 6; S rats bearing untreated 7-day-old Walker
256 carcinoma served as controls. Slices of liver, kidney, or tumor tissue were incubated with labeled
lysine, uridine, or thymidine, and incorporation of the labeled compounds into the TCA-insoluble frac-
tion of each tissue was determined as described in the text.

Incorporation of compound (dpm/10 mg of protein + S.D.)

Labeled
compound Tissue Control Day 0 Day 1 Day 6

Lysine-'*C Liver 364 + 23 436 + 33 259+ 14 229+ 21
Kidney 389+ 39 365+ 20 420t 66 398 + 81
Tumor 6150 + 52 4998 + 139 5161+ 163 3218 + 241

Uridine-'*C Liver 145+ 11 138 + 22 147+ 15
Kidney 163+ 18 145 + 27 153 £+ 21
Tumor 1230 + 86 178+ 17 184 + 31

Thymidine-'*C Liver 112+ 6 52+ 9 6313 58+ 7
Kidney 128 £ 16 41+ 7 54112 75+ 18
Tumor 4247 + 69 1196 + 150 992 + 107

apparent when infusion was performed for a shorter period of
time.

The tumor-bearing mice infused with glucosamine were
studied similarly. Massive hemorrhagic areas were apparent in
the Sarcoma 180 tumors after treatment. Microscopic examina-
tion of the Walker 256 carcinosarcoma and Sarcoma 180
tumors obtained at the end of glucosamine treatment showed
marked shrinkage of the nuclei, retraction of the cytoplasm,
and advanced eosinophilia. A few days after treatment, exten-
sive necrosis of tumor tissues was apparent. This was followed,
in most cases, by autolysis.

Simultaneous gross examination of major organs, such as
the liver, spleen, lungs, heart, kidney, and large and small in-
testines, revealed no signs of toxic effects of glucosamine treat-
ment in the tumor-bearing rats and mice.

DECEMBER 1970

Effects of Glucosamine on the Biosynthesis of Protein,
RNA, and DNA in Normal and Neoplastic Tissues in Vivo.

The experiments just described show that exogenous
glucosamine inhibits the growth of experimental tumors in rats
and mice. Previous experiments have demonstrated that trans-
plantability, viability, and biosynthesis of protein, RNA, and
DNA in Sarcoma 180 ascites cells are inhibited in vitro by
glucosamine at concentrations above 20 mM (2, 4).

The effects of therapeutic levels of D-glucosamine on the
subsequent in vitro biosynthesis of protein, RNA, and DNA in
normal and neoplastic tissues obtained from tumor-bearing
rats were studied. In these experiments, 20 rats bearing i.m.
Walker 256 carcinosarcoma were infused with glucosamine
(0.42 g/kg/hr for 32 hr). After the end of treatment, 5 rats
were killed immediately (Day 0), S were killed on Day 1, and
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S were killed on Day 6. A group of 5 rats bearing Walker 256
carcinosarcoma served as controls.

Slices of liver, kidney, and tumor were incubated in the
presence of labeled precursors in the absence of glucosamine,
as already described (‘“‘Materials and Methods™). A suggestion
that glucosamine has a selective effect on nucleic acid syn-
thesis in vivo was apparent in this study. Data presented in
Table 4 show that RNA and DNA synthesis by the Walker
tumor was markedly reduced at the end of glucosamine in-
fusion but that the incorporation of lysine-'*C into tumor
tissue was somewhat reduced only after several days. Although
glucosamine treatment in vivo had little effect on protein and
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Chart 3. Chromatographic separation of TCA-soluble nucleotides
from Walker 256 carcinosarcomas from a control rat and from a rat
infused with D-glucosamine (0.42 g/kg/hr for 32 hr). Fractionation of
the acid-soluble nucleotides was achieved by stepwise gradient elution
from a Dowex 1-X8 (formate) (200 to 400 mesh) resin column (25 x 1
cm). Fractions (5 ml) were collected on a refrigerated fraction
collector. The absorbance at 260 mu and radioacitivty in the alternate
tubes were determined. Samples were pooled at the appropriate
ultraviolet-absorbing peaks, passed through a Dowex 50-H* column (30
x 2.5 cm), and lyophilized. Samples then were applied on Whatman No.
1 or No. 3MM paper and were subjected to descending chromatography
with solvent systems of isobutyric acid:concentrated ammonium
hydroxide:water (57:4:39), pH 4.3, or isobutyric acid:ammonium
hydroxide:water (66:1:33), pH 3.7. The Rg values of unknown
nucleotides were compared with those of authentic ribonucleotides
chromatographed simultaneously. The purine and pyrimidine bases
were identified with a Cary Model 14 spectrometer by their
characteristic spectral shifts occurring at pH 2.0, 7.0, and 11.0. —,
absorbance at 260 muy; - - -, radioactivity (cpm X 10,000).
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Table §

Effects of exogenous glucosamine on the uridine nucleotide pools of
Walker 256 carcinosarcoma in vivo
Uridine nucleotide pools in the TCA-soluble fraction of Walker 256
carcinosarcoma were determined for a control tumor and for a tumor
from a rat treated with D-glucosamine (0.42 g/kg/hr for 32 hr).
Chromatographic separation, purification, and estimation of uridine
nucleotides were performed as described by Bekesi and Winzler (5).

Pool
(umoles/g of wet tissue)
Nucleotide Control Treated
UMP 0.198 0.150
UDP 0.180 0.098
UTP 0.136 0.050
UDP-N-acetylhexosamine 0.270 1.863

RNA synthesis in liver or kidney tissue, incorporation of
thymidine-'*C into the acid-insoluble fractions of liver and
kidney tissues was inhibited by glucosamine treatment in vivo.

Chart 3 shows the elution pattern of the acid-soluble
nucleotides obtained from Walker 256 carcinosarcoma from a
control animal and from an animal treated with glucosamine
for 32 hr at a rate of 0.42 g/kg/hr. The most striking differ-
ence exhibited by the treated Walker 256 tumor as compared
with the control is the tremendous increase in the peak repre-
senting UDP-N-acetylhexosamine.

Quantitative determination of the uridine nucleotides
separated from the pooled peaks of Chart 3 by paper
chromatography is shown in Table S. Data obtained from this
experiment reveal an increase of more than 6-fold in the
UDP-N-acetylhexosamine pool in glucosamine-treated Walker
256 carcinosarcoma. This increase was accompanied by a slight
decrease in the pools of UMP and by somewhat larger decrease
in the pools of UDP and especially of UTP. Accumulation of
UDP-N-acetylglucosamine also occurs in other experimental
tumors exposed to glucosamine in vitro (5, 14).

DISCUSSION

After the original observations by Quastel and Cantero (25)
that exogenous glucosamine inhibits the growth of trans-
planted tumors in mice, many attempts were made at testing
D-glucosamine as a possible antitumor agent against various
experimental tumors. Results were generally inconclusive (1,
7,17, 18, 19, 28, 30). The apparent lack of inhibitory effects
now appears to be due to the rapid excretion of glucosamine
and the resulting failure to maintain sufficiently high glucosa-
mine levels in the blood for long enough times when
the agent is administered periodically. In the present study,
glucosamine was administered by continuous tail-vein or s.c.
infusion in order to achieve continuing exposure to high
concentrations of glucosamine.

The rate of administration of glucosamine is obviously
critical. Continuous tail-vein infusion of 0.42 g/kg/hr for 32 to
36 hr resulted in a high rate of tumor regression in Charles
River CD rats bearing Walker 256 carcinosarcoma. If only
somewhat less was administered (0.28 to 0.36 g/kg/hr for 32
hr), tumor growth was inhibited for only 4 to 7 days before
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beginning again. The period of administration is also critical,
since administration of 0.42 g/kg/hr for only 18 hr had a
limited effect. Finally, as Table 2 shows, the results vary with
the strain of rat used.

Sarcoma 180 implanted s.c. in mice also responds to treat-
ment with glucosamine. Here, because of the difficulties
encountered in tail-vein infusion, continuous s.c. infusion of
glucosamine was adopted. Best inhibition of tumor growth was
achieved by multiple infusion of 0.64 g/kg/hr for 12 hr with
infusions on Days 4 to 7 and 10 to 14. Under these conditions,
about 56% of the treated tumor-bearing mice showed regres-
sion of their tumors.

The resistance of rats and mice successfully treated with
glucosamine to a second implantation of the tumors suggests
that glucosamine may have an injurious action on the tumor
such that the host can respond successfullly if the antigenic
makeup of the tumor is sufficiently different from that of the
host. Strain differences in response to glucosamine could re-
flect differences in antigenic makeup or in capacity to respond
to antigenic challenge. Glucosamine inhibited the growth of
subline M-10 of Walker 256 carcinosarcoma in Charles River
CD rats at a blood glucosamine level that apparently did not
seriously affect the well-being of the host animal, except for
producing transient hyperglycemia and increases in blood urea
nitrogen and serum glutamic oxalacetate transaminase.

Glucosamine may have a selective effect on nucleic acid
synthesis in vivo, since it was observed at the end of glucosa-
mine treatment that the synthesis of RNA and DNA, but not
of protein, in the tumor tissue was significantly inhibited.
Glucosamine treatment had no significant effect on protein
and RNA synthesis in liver and kidney tissue. The
incorporation of thymidine-'*C into liver and kidney DNA,
however, was inhibited somewhat by glucosamine treatment in
vivo. These findings are in accord with observations made in
vitro, where it was observed that D-glucosamine had a much
smaller inhibitory effect on the incorporation of the labeled
precursors into normal tissues than on that into neoplastic
tissues (2).

N-Acetylglucosamine did not inhibit tumor growth in rats.
The most reasonable explanation of the difference between
the effects of the two compounds is a difference in the per-
meability of neoplastic cells to glucosamine and N-acetylgluco-
samine. Indeed, such evidence has been obtained in vitro with
Sarcoma 180 ascites tumor cells (2).
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